Transferred DNA (T-DNA) from Agrobacterium tumefaciens can be integrated into the plant genome. The double-stranded break repair (DSBR) pathway is a major model for T-DNA integration. From this model, we expect that two ends of a T-DNA molecule would invade into a single DNA double-stranded break (DSB) or independent DSBs in the plant genome. We call the later phenomenon a heterogeneous T-DNA integration, which has never been observed. In this work, we demonstrated it in an Arabidopsis T-DNA insertion mutant seb19. To resolve the chromosomal structural changes caused by T-DNA integration at both the nucleotide and chromosome levels, we performed inverse PCR, genome resequencing, fluorescence in situ hybridization and linkage analysis. We found, in seb19, a single T-DNA connected two different chromosomal loci and caused complex chromosomal rearrangements. The specific break-junction pattern in seb19 is consistent with the result of heterogeneous T-DNA integration but not of recombination between two T-DNA insertions. We demonstrated that, in seb19, heterogeneous T-DNA integration evoked a cascade of incorrect repair of seven DSBs on chromosomes 4 and 5, and then produced translocation, inversion, duplication and deletion. Heterogeneous T-DNA integration supports the DSBR model and suggests that two ends of a T-DNA molecule could be integrated into the plant genome independently. Our results also show a new origin of chromosomal abnormalities.
INTRODUCTION
In nature, Agrobacterium tumefaciens can transform plant root cells through transferring a fragment of DNA (T-DNA) from the Ti plasmid into the plant genome (Zambryski et al., 1980) . T-DNA is flanked by two short border sequences: left border (LB) and right border (RB). The sequence between LB and RB can be substituted by other foreign sequences, which enable us to perform genetic engineering. Over the past 30 years, genetic transformation by A. tumefaciens has become an important molecular tool in plant breeding and research (Wang, 2015) .
Although the initial steps of the transformation are relatively clear, the final step of how T-DNA is integrated into the plant genome is not fully understood yet (Tzfira et al., 2004; Park et al., 2015) . In the single-stranded T-DNA integration models, including single-stranded-gap repair (SSGR) and microhomology-dependent model, the target site has a single-stranded gap or bulb (Tinland et al., 1995; Tzfira et al., 2004) . The single-stranded T-DNA anneals with the target site by a short microhomology sequence followed by synthesis of the other strand. These models can explain single-copy T-DNA insertions, deletions and microhomology sequences at junctions. Another major model is the double-stranded break repair (DSBR) pathway. In this model, the single-stranded T-DNA is believed to be converted into a double-stranded DNA before its integration (Tzfira et al., 2003) . Two ends of a double-stranded T-DNA are repaired and incorporated into a DNA double-stranded break (DSB) in the plant genome. Artificial DSBs induced by X-ray or restriction enzymes digestion were reported to positively affect T-DNA insertion (Kohler et al., 1989; Salomon and Puchta, 1998; Chilton and Que, 2003) . The DSBR model can explain complex T-DNA integration patterns, deletions and filler sequences at junctions (Gorbunova and Levy, 1997; Tzfira et al., 2004; Kleinboelting et al., 2015) . These mechanisms are probably not exclusive and might co-exist in plants ( Dafny-Yelin et al., 2015; Kleinboelting et al., 2015) .
From the DSBR model, we can expect occurrence of heterogeneous T-DNA integration in which two ends of a T-DNA molecule would invade into independent DSBs on the same or different chromosomes. The possibility of heterogeneous T-DNA integration was mentioned by Tax and Vernon (2001) , but there was no empirical evidence to support it.
Here, we obtained an Arabidopsis T-DNA insertion mutant seb19 that showed seed abortion and deficiency of both parental gametophytes. In seb19, a single T-DNA connected two loci on different chromosomes and caused complex chromosomal rearrangements. The specific break-junction pattern in seb19 rules out the possibility of recombination between two T-DNA insertions on different chromosomes, and demonstrated the occurrence of heterogeneous T-DNA integration. Although there are several reports about chromosomal rearrangements in T-DNA transgenic plants (Nacry et al., 1998; Laufs et al., 1999; Tax and Vernon, 2001; Curtis et al., 2009; Clark and Krysan, 2010; Ruprecht et al., 2014) , this report is the first example of chromosomal rearrangements caused by a heterogeneous T-DNA integration. This finding constitutes solid evidence for the independent integration behavior of two ends of a T-DNA molecule and supports the DSBR model. The comprehensive characterization of seb19's genome structure provides a proof of how a molecular event can lead to major chromosomal abnormalities, including translocation, inversion, duplication and deletion.
RESULTS
Phenotypes of kanamycin resistance and seed abortion were transmitted from both parents in seb19 A T-DNA insertion mutant seb19 (seed abortion line 19) was segregated from the progeny of a T 0 transgenic (CDKA::GFP) Arabidopsis thaliana (Col-0) plant. The seed abortion was not caused by the transgene CDKA::GFP itself because only one transgenic line showed this phenotype.
Among the seb19's selfed progeny plants with kanamycin resistance (Kan R ), two phenotypes were observed (Figure 1a) . The large seb19-L plants had healthy vegetative growth but showed partial seed abortion (Figure 1b ). Another type of Kan R plants seb19-S showed small seedlings and infertility. When seb19-L plants were selfcrossed, the Kan R and Kan S (kanamycin-sensitive) progeny plants showed a distorted ratio from 3:1 expected for a single locus (Table 1) .
The average seed number in a silique of seb19-L plants decreased to 23.5 compared with 51.6 in wild-type plants (Figure 1g ). The seed abortion frequency of 54.5% was consistent with the frequency of ovule deficiency. Among the 259 ovules from the mature unfertilized flowers, the abnormal ovule frequency was 54.4% (141/259). All aborted ovules were featured with a prematurely arrested megaspore (Figure 1e ). Meanwhile, many non-viable pollen grains were observed in the anthers stained by Alexander's methods (Figure 1f ). Pollen grains dissected from anthers showed that the frequency of non-viable pollens was 31.7% (502/1586) ( Figure S1 ).
To investigate how seb19 was transmitted genetically, we performed reciprocal crosses between the seb19-L and wild-type Col-0. In both crosses, the phenotype of
(f) (g) kanamycin resistance and seed abortion could be observed in F 1 plants (Table 1 and Figure 1g ). In the cross with seb19-L as the female, the ratio of Kan R:S in F 1 progeny was approximately 1:1 (n = 424), which indicates that the seb19 associated locus had an opportunity of 50% to be inherited through viable ovules. In the cross with seb19-L as male, the Kan R:S ratio in F 1 plants was approximately 0.65 (n = 574), which suggests that the seb19 locus may be transmitted by viable pollens with lower efficiency than wild-type pollens. Usually, a single T-DNA insertion mutation resulting in one parental gametophyte abortion could not be transmitted to progeny by the gametophyte itself (Howden et al., 1998) . The fact that kanamycin resistance of seb19 could be transmitted by both parents, suggests that there possibly exist other reasons responsible for the mutant phenotype of seb19.
A single T-DNA linked two separate chromosomal loci in seb19
To identify the T-DNA insertion position, we used inverse PCR to clone the flanking sequence of the T-DNA's LB and RB (Figures 2a and S2b) . The flanking sequence of the LB was mapped to chromosome 5. The precise insertion position (Chr5:3843637bp) was in an intergenic region between At5g11920 and At5g11930. There was a filler sequence of 79 bp between the T-DNA and the plant genome sequence. The flanking sequence of the RB was mapped to chromosome 4. The insertion location (Chr4:9143704 bp) corresponded to the second intron of At4g16146. A filler sequence of 32 bp existed at this junction. Given the results that flanking sequences of LB and RB were mapped to different chromosomes, we suspected that seb19 might carry two truncated T-DNA insertions. However, when we used PCR to detect LB and RB junctions on different chromosomes in individual Kan R plants, these two junctions were always observed together. Southern blotting showed there was only a single copy of T-DNA in the genome of seb19-L (Figure 2b ), which was also supported by the result of a long-range PCR. A pair of primers flanking the two insertion sites could amplify a specific PCR product with expected size in seb19-L and seb19-S. (Figure 2a, c) .
Sanger sequencing results of this PCR product demonstrated the expected linkage.
T-DNA integration produced a specific break-junction pattern Although the linkage of two different chromosomal regions by a single-copy T-DNA may be explained by recombination between two T-DNA insertions, there also exists another possibility that the two ends of a single T-DNA are integrated into different regions independently. We call this phenomenon a heterogeneous integration which can be deduced from the DSBR model for T-DNA integration. In this phenomenon, one end of a DSB in the plant genome is captured by a T-DNA, and the other end of the DSB might link to another locus to form a new junction (see Figure 6 and Discussion).
To figure out all chromosomal rearrangements caused by T-DNA integration, we used inverse PCR to clone all new junctions that may be produced in seb19 ( Figure 3a ). As noted above, the RB and LB of T-DNA linked to the right side of point A (Chr4:9143 kb) and the left side of point B (Chr5:3843 kb) respectively. Further cloning showed that the left side of point A captured the left end of point C (Chr4:15024 kb), and the right side of point C linked to the left side of point D. As a result, T-DNA integration caused a specific break-junction pattern as shown in Figure 3 (a). For point D (Chr4:11177 kb), we did not detect a new junction to the right end aside from its wild-type locus. There was a large deletion over 155 kb at the left side of point E (Chr5:2354 kb) because we could not amplify its wild-type locus in seb19-S by PCR. Taken together, five points and their associated new junctions were identified by inverse PCR.
Although all of these new junctions existed in both seb19-L and seb19-S, some wild-type loci could only be detected in seb19-L but not in seb19-S (Table S1-S3). The genotype difference between seb19-L and seb19-S suggests that seb19-L may be heterozygous for these loci, and seb19-S may be homozygous. 
Genome resequencing of seb19-S identified all chromosomal structural variations associated with T-DNA integration
Inverse PCR method did not answer several questions. First, it did not reveal why the new junction of the right side of point D was not detected. Second, it did not show how large the deletion on the left side of point E was (Figure 3a) . To answer these questions and explore the comprehensive chromosomal structural variations (SVs) caused by the T-DNA integration, genome resequencing of seb19-S was performed using Illumina HiSeq ™ 2000 with paired-end reads method. The coverage of reads on each chromosome was displayed with the software Integrative Genomic Viewer (IGV) (Figure 3c ) (Thorvaldsdottir et al., 2013) . On chromosome 4, there was a duplication region of approximately 2.23 Mbp from point F (Chr4:8947 kb) to point D (Chr4:11177 kb). On chromosome 5, there was a large deletion region of approximately 180 kb from point G (Chr5:2175 kb) to point E (Chr5:2354 kb). Point D identified by inverse PCR was just one border of the duplication. Point F (Chr4:8947 kb) and point G (Chr5:2175 kb) were two loci that were not detected by inverse PCR. More importantly, read sequences showed that the left side of point G linked to the right side of point F. Thus, seven breakpoints in the plant genome and their new junctions associated with T-DNA integration were identified ( Figure 3b ). All of these new junctions were confirmed in seb19-L and seb19-S by PCR (Table S3) .
To test whether the genome resequencing method could identify all chromosomal SVs caused by T-DNA, including those cloned by inverse PCR, we undertook further computational analyses (see experimental procedures). We first obtained aberrant reads whose paired-end reads are aberrantly mapped. We visualized the distributions of aberrant reads from seb19-S and wild-type Col-0, and compared them in IGV (Figure 3d ). The genome resequencing data of wild-type Col-0 was downloaded from NCBI SRA database . True or false SVs were determined at the read level ( Figure S3 ). All break-junctions described before could be detected by this method, including T-DNA insertion sites. In addition to the seven breakpoints from A to G, we detected a deletion of 76 bp on chromosome 2 ( Figure S3 ). This deletion might be an autonomous variation that was not caused by T-DNA integration. All computational results were confirmed by PCR.
FISH and linkage analysis identified the chromosomal structure model of seb19 Molecular methods, including PCR and genome resequencing, cannot determine the correct junction at point A because these methods do not distinguish two copies of the duplicated region (Figures 3b and 4) . We arranged all possible junction models in Figure 4 .
Fluorescence in situ hybridization (FISH) with BAC probes was used to distinguish these possible models (Figures 4  and S4 ). In seb19, we detected the fluorescent signal of T6K21 on both chromosomes 4 and 5 ( Figure S4a-c) ; this finding was consistent with the duplication from point F to D. T22P22 was confirmed on chromosome 5 in seb19 as in wild-type plants ( Figure S4d-f) . F8F16 on chromosome 4 ( Figure S4 g ) and F15M7 on chromosome 5 ( Figure S4j ) were reciprocally translocated ( Figure S4 h, k) . This translocation could be explained by the junction model A or B. In seb19-S, all FISH signals existed on both pairing homologous chromosomes. In seb19-L, duplicated T6K21 existed only on one homologous chromosome 5 (Figure S4c) . For F8F16 and F15M7, seb19-L possessed an original copy and a translocated copy (Figure S4i, l) . The different FISH signal distribution distinguished the heterozygous seb19-L from the homozygous seb19-S.
The difference between the model A and B is whether a region of 5.88 Mb between point A and C was inverted ( Figure 5 ). We used two BAC probes of F17I23 and F15M7 neighboring the breakpoint C and G respectively to distinguish them. In model A, the long-range inversion separates two probes apart with a distance about 6 Mb. In model B, two probes should be linked together (about 379 kb apart). FISH results suggested the model B was the correct one (Figure 5a-c) .
To confirm the model for seb19, we also performed linkage analysis with insertion/deletion (INDEL) polymorphisms between the Columbia (Col) and Landsberg erecta (Ler) ecotype. Because the homologous seb19-S was sterile, we used the heterozygous seb19-L (Col) and Ler as hybrid parents. The F 1 hybrid was backcrossed to Ler, and then the backcross population was used for genetic mapping. The T-DNA showed tight linkage with chromosome 4 and chromosome 5 ( Figure S5 ). The low recombination rate was associated with the rearranged chromosomal regions as in the model B. There was an exception of indel_9 with a 100% recombination rate, which was due to the deletion from point E to G.
DISCUSSION
Although chromosomal rearrangement is a common phenomenon in T-DNA transgenic plants (Nacry et al., 1998; Laufs et al., 1999; Tax and Vernon, 2001; Curtis et al., 2009; Clark and Krysan, 2010; Ruprecht et al., 2014) , this work is the first report of chromosomal rearrangements caused by a heterogeneous T-DNA integration. Here, we also show a most detailed picture of chromosomal structural changes among T-DNA mutants.
Phenotype of seb19 can be explained by complex chromosomal rearrangements By using molecular methods, FISH and linkage analysis, we obtained a comprehensive picture of chromosomal structural changes in seb19 ( Figure S6 ). This model could explain gametophyte deficiency and phenotype transmission. In seb19, T-DNA integration induced both an aberrant chromosome 4 (chr4 (Table 1) . However, the fact that the pollen deficiency of 31.7% deviates from the expected 50% suggests that some unbalanced pollens could survive until maturation for unknown reasons, for example, pollens may be more tolerant to seb19 mutation than ovules. In fact, all aborted ovules had a similar phenotype with prematurely arrested megaspore (Figure 1e ). In contrast, all pollens seemed normal until the late generative-cell 
Col-0 seb19-S seb19-S Figure 5 . FISH results identified the model B as the correct chromosomal structure for seb19. According to Figure 4 , the diagrams of chromosomal structures were drawn to scale. Different arrows show the segments involved in chromosomal rearrangements. The capital letters A to F indicate seven breakpoints. As suggested by the FISH results in Figure S4 , the reciprocal translocation between chromosome 4 and 5 could be explained by junction model A or B. In the model A, the long segment from points A to C is inverted compared with the model B and wild-type Col-0. Two BAC clone F17I23 and F15M7 were used to recognize the correct model. FISH results on spreading meiosis chromosomes are shown in (a-c). stage ( Figure S1 ). The transmission frequency of 39.5% (227/574) in cross experiments indicates that the chr4 À chr5 À pollens should be less competitive than wildtype pollens (Table 1) . We also suggest that the observed transmission frequency of chr4 À chr5 À pollens in the cross may be overestimated, which would be caused by insufficient pollens in artificial pollinations. In natural pollinations with higher competition pressure, we suspect that the transmission frequency would be lowered to 31% (Table S4 ). The phenotype of seb19 suggests mutations at the seven breakpoints and 180 kb deletion region may not be fatal for the gametophytes development as shown by the viability of the chr4 À chr5 À gametophytes, but severe for the vegetative growth as indicated by the small plants of seb19-S. Detecting non-viable pollens is an effective way to screen for chromosomal translocations among Arabidopsis T-DNA transgenic lines (Clark and Krysan, 2010) . The present work gives another example for this conclusion. For those who use T-DNA insertion mutants to study pollen development, some preliminary tests should be performed to judge whether the pollen abortion is caused by a simple T-DNA insertion or chromosomal rearrangement. In addition to pollen deficiency test, checking the ovule phenotype and crossing experiments would be beneficial.
Heterogeneous T-DNA integration caused a specific breakjunction pattern and supports the DSBR model for T-DNA integration
In the single-stranded T-DNA integration models, both ends of a T-DNA molecule are sequentially integrated into a single target site (Tzfira et al., 2004) . However, from the DSBR model, we could expect the occurrence of heterogeneous T-DNA integration in which two ends of a T-DNA molecule would invade into independent DSBs. Connecting two loci on different chromosomes by a single T-DNA also can be caused by recombination between two T-DNA insertions in the plant genome (Figure 6b) (Curtis et al., 2009; Ruprecht et al., 2014) . However, the break-junction pattern in seb19 could not be explained by the recombination model. Heterogeneous T-DNA integration would produce two free ends at the first two DSBs (Figure 6a ). The free ends would be repaired through invading into other DSBs and would cause a specific break-junctions pattern. In contrast, recombination between two T-DNA copies would lead to a dicentric chromosome and an acentric chromosome (Figure 6b ). The dicentric chromosome should be pulled apart by a spindle and break at random positions (Hartwell et al., 2008) , and then further translocations could result in a rearranged chromosome carrying the Kan R to be selected. However, the break-junction pattern in Figure 6 (b) would be different from that in seb19. In addition, we did not detect the structure of chr4L-TDNAchr5R in seb19 as in Figure 6 (b) (see PCR results in Table S3 ). Although Tax and Vernon (2001) mentioned the possibility of heterogeneous T-DNA integration, the present work demonstrated it. Although the DSBR model is preferred for interpreting T-DNA integration, there are several different features between T-DNA integration and DSB repair. It was found that in Arabidopsis approximately 40% of all T-DNA junctions harbor filler sequences (Windels et al., 2003) , and small deletions at insertion sites were also frequently observed. However, it was reported that no filler sequences were associated with DSB repair in Arabidopsis, which is not the fact in maize and tobacco (Kirik et al., 2000) . Moreover, large deletions are more frequently induced by DSB repair than T-DNA insertion (Windels et al., 2003) . We suspect that species and specific target cells would affect the DSB repair pathway and relevant junction structures in different ways. In seb19, the T-DNA insertion junctions and the cascade of break-junctions coexisted, which endows us the chance to compare their features in the same system. In seb19, LB and RB junction of the T-DNA both have filler sequences and short deletions ( Figure S2 ). Among the four break-junctions, three filler sequences and four short deletions were observed. The insertion site of RB was located in an intron, and LB was inserted in an intergenic region. The other five breakpoints (point C to G) were distributed at one intron and four intergenic regions. Although we cannot conclude the DSBs in the genome have the same distribution as the T-DNA insertion sites, seb19 did not show differences in their distributions. Therefore, all of these similar junction features support the DSBR model for T-DNA integration. Recently, a new publication reported that polymerase theta (Pol h) is required for T-DNA integration (van Kregten et al., 2016; Levy, 2016) . The authors proposed a T-DNA integration model including steps of 3 0 end capture and Pol h-mediated repair. The filler sequence in T-DNA integration is consistent with the error-prone feature of Pol h-mediated end-joining. Here we shown, in seb19, filler sequences exist both at the T-DNA integration sites and other break-junctions. We supposed that the Pol h-mediated repair may play a general role in joining DSBs, not just T-DNA integration.
An origin of major chromosomal rearrangements in seb19
Chromosomal structural change is an important evolutionary force (Eichler and Sankoff, 2003) and also a distinct feature of cancer cells (Mitelman et al., 2007) . To elucidate how chromosomal structural changes arise is crucial for understanding the dynamics of chromosomes. In this work, we demonstrated that a heterogeneous T-DNA integration could cause all major chromosomal abnormalities, including translocation, inversion, duplication and deletion (Figures 4 and S6 ).
It is difficult to estimate how frequently heterogeneous T-DNA integration will occur. Most cases of heterogeneous T-DNA integration may result in severe chromosomal abnormality, and no viable transgenic progeny will be obtained. Moreover, the number and distribution of DSBs in the nucleus would be the important factors for the occurrence of heterogeneous T-DNA integration.
In Figure 7 , we show a distribution of seven DSBs on chromosomes 4 and 5 to explain how chromosomal rearrangements were formed in seb19. In this model, two chromatids of chromosome 4 are required to explain the formation of duplication. In the floral-dip transformation method, Agrobacterium's primary target is the female reproductive tissues (Desfeux et al., 2000) . If transformation occurred in a post-meiosis embryo sac, the target cell must be at the S or G 2 stage of cell cycle. Moreover, heterogeneous T-DNA integration suggests that the breakpoint A and B may be spatially close in the nucleus when T-DNA integration happens. We suppose that a T-DNA molecule would have captured both breakpoint A and B initially. After that, the free end of breakpoint A would invade into breakpoint C, and then the free end of point C would be repaired through joining with one end of breakpoint D. Conversely, the free end of breakpoint B would capture E, then G would be linked with breakpoint F. Finally, a region between point G and F was deleted, and a duplication region between D and F was formed. Cell cycle's checkpoint should guarantee all breakpoints in the target cell are repaired before the next cell division.
In seb19, we observed a collection of incorrect DSB repairs. First, in the heterogeneous T-DNA integration, two ends of a DSB were not linked through a T-DNA as in a simple T-DNA insertion. Second, ends of two engaged DSBs were not connected reciprocally as in most reported chromosomal translocations (Roukos et al., 2013) . In addition, heterogeneous T-DNA integration caused a cascade of new junctions. Several reports have shown that Agrobacterium transformation would delay the closure of DSB (Vaghchhipawala et al., 2012; Park et al., 2015) . We hypothesize that Agrobacterium could hijack the DSB repair mechanism of target cells and provide the opportunity to heterogeneous T-DNA integration and occurrence of new junctions.
Although chromosomal translation is a common phenomenon in T-DNA transgenic lines, a few studies are relevant to occurrence of heterogeneous T-DNA integration. Tax and Vernon (2001) mentioned the possibility of a single T-DNA inserted simultaneously into nicked sites in separate chromosomes. In another report about Arabidopsis mutant gia3 (Kinoshita et al., 2010) , a 5.7 Mb region was duplicated and translocated from chromosome 2 to 3. This chromosomal structural change in gia3 can be easily explained by occurrence of heterogeneous T-DNA integration. However, comprehensive break-junction patterns resolved at the whole-genome level are required to confirm these speculations. 
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Seeds of wild-type Arabidopsis thaliana ecotype Columbia (Col-0), Landsberg erecta (Ler) and mutant seb19 (in Col-0 background) were plated on 0.5 9 Murashige-Skoog solid medium for 2 weeks and transferred to soil. The culture condition was 22°C with 16 h of light and 8 h of darkness.
DNA preparation and Southern-blot analysis
Genomic DNA from young leaves was extracted using a modified CTAB method adopted from TAIR (www.arabidopsis.org). The extraction buffer consisted of 220 mM Tris, 22 mM EDTA, 800 mM NaCl, pH8, 140 mM Sorbitol, 1% (w/v) Sarkosyl, and 0.8% (w/v) CTAB. DNA used for linkage analysis was prepared by a simple and rapid extraction method (Edwards et al., 1991) . For Southernblot analysis, 5 lg genomic DNA was digested with BamHI or HindIII. A GFP segment of 717 bp was labelled with random primed methods. The probe labelling, hybridization and detection referred to the methods of DIG High Prime DNA Labeling and Detection Starter Kit II (Roche, Mannheim, Germany).
Phenotypic characterization of seb19
Mature siliques for imaging were cleared by methyl salicylate. The mature flowers were fixed in 4% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde. The fixed ovules were then dissected from ovaries and cleared using Hoyers solution (Liu and Meinke, 1998) . Samples were examined using a SUNNY RX50 microscope equipped with Nomarski optics. Anthers were stained using Alexander's methods (Alexander, 1969) .
Inverse PCR for cloning junction sequences
Approximately 1 lg of genomic DNA of seb19-L or seb19-S was digested by restriction enzymes (Table S2 ). The digested genomic DNA was self-ligated by T4 ligase and then used as the template DNA for inverse PCR. The primers used are listed in Table S2 . PCR products were cloned into the pEASY-T vector (TransGen Biotech, Inc., Beijing, China) and sequenced.
Genome resequencing of seb19-S and data analysis
Genomic DNA of seb19-S was sheared to approximately 500-bp fragments and sequenced by Illumina HiSeq ™ 2000 (Beijing Genomics Institute, Shenzhen, China). Paired-end reads of 125 bp covered the genome at an average of 60 9 . Clean data were mapped to the TAIR10 reference sequence using BWA-mem ). The resulting SAM files were transformed to BAM format using SAMtools ).
Identification of large duplications and deletions. Using the igvtools function of Integrative Genomics Viewer (IGV) software, BAM files were converted to tdf files. The read coverage of each chromosome was displayed in IGV. The change of read coverage was visualized to detect large duplications and deletions.
Detection of structural variations (SV). With SAMtools, aberrant paired-end reads were extracted (methods S1). These aberrant reads were paired but not perfectly mapped. Using BEDTools, the bedgraph files showing coverage of aberrant paired-end reads were obtained and displayed in IGV. The genome resequencing data of wild-type Col-0 were downloaded from NCBI SRA (SRR611086) and processed using the same methods described above. The heatmap of coverage in IGV was adjusted to visualize possible SV loci. Candidate loci were identified by comparing heatmaps of seb19-S and wild-type Col-0. Real SVs were confirmed by checking the reads in IGV and PCR experiments.
Fluorescence in situ hybridization (FISH)
Chromosome spreading was prepared using a modified method of the Armstrong protocol (Armstrong, 2013) . The enzyme solution for digesting flower buds contained 0.5% (w/v) Cellulase RS (Yakult), 0.5% (w/v) pectolyase Y23 (Yakult), and 0.5% (w/v) Snailase (Beijing Dingguo). Fixed white anthers (approximately 0.4-0.5 mm in size) were macerated using needles in 10 lL of citric acid buffer (10 mM, pH4.5). After being heated on a 45°C hot plate for 30 sec, the cytoplasm was cleared in 10-20 lL of 60% acetic acid. The samples were finally fixed using 100 lL of 3:1 Carnoy solution (ethanol-acetic acid) which was freshly prepared and chilled at -20°C.
A 1.9-kb 45S rDNA fragment was cloned into the pGreen vector and labelled with fluorescein-12-dUTP (Thermo Scientific) or with FISH Tag ™ DNA Multicolor Kit (Thermo Scientific) using the nick translation method. BAC clones were labelled with digoxigenin-11-dUTP (Roche) or with the FISH Tag ™ DNA Multicolor Kit using the nick translation method. BAC clones used for FISH include T6K21 (Chr4:9916033-10015676), F17I23 (Chr4:14820806-14955589), F8F16 (Chr4:15160239-15253276), F15M7 (Chr5: 1975398-2059747) , and T22P22 (Chr5:3721019-3814223). The FISH procedure was performed as previously described (Armstrong, 2013) . For digoxigenin-labelled probes, anti-DIG-rhodamine or anti-DIG-fluorescein Fab (Roche) was used as the antibody. Chromosomes were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Thermo Scientific). Chromosome images were captured under 9100 magnification oil objective with a SUNNY RX50 microscope equipped with a Nikon DS-5Mc camera.
Linkage analysis
Pollens of seb19-L (Columbia background) were pollinated on the stigma of Landsberg erecta (Ler) which was emasculated the day before the crossing. The pollens of the F 1 plant were backcrossed to Ler. The backcross population was utilized for T-DNA linkage analysis. The indel markers and the primers used in this experiment were designed according to Lu et al.'s (2012) (Table S5 ). Cosegregation of each indel marker with kanamycin resistance was detected by PCR. Recombinant individuals only showed the Ler genotype.
Genome resequencing data access
The resequencing data of seb19-S has been submitted to the NCBI Sequence Read Archive (SRA) under accession number SRP082257.
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